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Rapid within-species evolution can alter community structure, yet the mechanisms underpinning 23 
this effect remain unknown. Populations that rapidly evolve large amounts of phenotypic diversity 24 
are likely to interact with more species and have the largest impact on community structure. 25 
However, the evolution of phenotypic diversity is, in turn, influenced by the presence of other 26 
species. Here, we investigate how microbial community structure changes as a consequence of 27 
rapidly evolved within-species diversity using Pseudomonas fluorescens as a focal species. 28 
Evolved P. fluorescens populations showed substantial phenotypic diversification in resource-use 29 
(and correlated genomic change) irrespective of whether they were pre-adapted in isolation or in 30 
a community context. Manipulating diversity revealed that more diverse P. fluorescens 31 
populations had the greatest impact on community structure, by suppressing some bacterial taxa, 32 
but facilitating others. These findings suggest that conditions that promote the evolution of high 33 




It is well documented that evolution can occur over ecological timescales [1–3], and the impact of 36 
evolutionary change on ecological processes is likely to be especially important in microbial 37 
communities, where generation times are short and population sizes are large [4]. Contemporary, 38 
rapid evolution can alter species interactions [5] and the evolutionary trajectories of interacting 39 
species [6], which will contribute to community-level changes in assembly, composition and 40 
functioning [7–9]. Despite the importance of eco-evolutionary dynamics and their impact on 41 
community processes, the mechanisms through which contemporary evolution alters communities, 42 
and how abiotic and biotic conditions alter the magnitude of these eco-evolutionary impacts, 43 
remains unknown. 44 
 Rapid evolutionary diversification into resource specialists (which has been observed both 45 
in vitro [10] and in vivo [5]) could play a key role in driving changes in community structure and 46 
function [11]. Within a trophic level of a community, a more diversified population is likely to 47 
interact with more species, and hence would be expected to have a greater impact on community 48 
composition [12, 13]. Conditions that promote adaptive diversification could therefore result in 49 
greater consequences of rapid evolution on community composition.  50 
Competition – both intra- and interspecific – is a key driver of adaptive diversification. 51 
Populations evolving in the absence of strong interspecific competition have been shown to 52 
diversify to fill available abiotic niches to reduce intraspecific competition [14, 15]. Consequently, 53 
after mixing with a novel community, populations that have diversified in the absence of 54 
interspecific competition are likely to experience greater niche-overlap with interspecific 55 
competitors. This would strongly impact community composition. Interspecific competition can 56 
also promote adaptive diversification [16], but likely in ways that reduce niche overlap with 57 
interspecific competitors (character displacement) [15, 17], although niche differentiation may be 58 
limited when competition is for essential resources [9]. Thus, diversified populations in the 59 
presence of interspecific competitors are expected to have a lesser impact on the structure of a 60 
novel community.  61 
Another factor that may alter the effect of a species on community composition is within-62 
species coevolution. Populations of a species which coevolved together are more likely to have 63 
higher intraspecific diversity [18, 19]. As such, coevolved focal species populations are likely to 64 
show greater niche overlap and interact with more community members. As a consequence, the 65 
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effects of diversity – both positive and negative – on community composition are likely to be 66 
stronger when genotypes are strongly coevolved [10, 18, 20]. 67 
Here, we investigate how the rapid evolution of diversity in a focal species impacts the 68 
structure of a natural microbial community. We build on previous work which demonstrated 69 
adapting Pseudomonas fluorescens to a novel potting soil environment prior to interacting with 70 
the natural community resulted in major changes in community composition [3]: an example of an 71 
“evolutionary priority effect” [8, 21, 22]. Here, we attempted to disentangle various mechanisms 72 
through which pre-adaptation of a focal species could alter subsequent community composition. 73 
We pre-adapted the soil bacterium Pseudomonas fluorescens to compost for 6 weeks and then 74 
tracked how these pre-adapted populations affected natural microbial community over another 6 75 
weeks. Pre-adaptation was done in both the presence and absence of the natural microbial 76 
community to examine the importance of interspecific competition in the evolution of within-77 
species diversity. When measuring the focal species’ impact on the natural microbial community, 78 
we manipulated (1) pre-adaptation history (with or without the natural microbial community), (2) 79 
focal species diversity (1-24 clones), and (3) whether clones had pre-adapted in the same 80 
population (sympatric of allopatric pre-adaptation).  81 
 82 
Methods 83 
Pre-adaptation of Pseudomonas fluorescens 84 
Isogenic Pseudomonas fluorescens SBW25 was pre-adapted to compost, following similar 85 
methods to those used previously [3]. The focal species contained a LacZ genetic marker and a 86 
gentamicin cassette that allowed us identify our focal species from the rest of the natural microbial 87 
community [23]. Specifically, a single clone of P. fluorescens was grown overnight at 28ºC in 88 
King’s Medium B (KB) and then ~ 5 x 107 cells were inoculated into 12 replicate sterile 89 
microcosms. These microcosms consisted of 90 mm round petri-dishes containing 30 g twice-90 
autoclaved compost (Verve, John Innes No2, UK). Half of these microcosms (n=6) were also 91 
inoculated with a 2mL compost wash (20g of compost per 100mL M9 buffer) containing the 92 
natural microbial community (Fig. 1a), and the remainder with an equal volume of M9 salts 93 
solution. Microcosms were then incubated for 6 weeks at 28ºC. At the end of this pre-adaptation 94 
phase, 1g of compost was taken per microcosm and added to 6mL of M9 solution in 30mL glass 95 
vials. Vials were shaken for 2 hours at 28ºC at 180 r.p.m, after which supernatants were frozen at 96 
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-80ºC in glycerol (final concentration 25%) for future assays. Each soil wash was plated onto LB 97 
agar with X-gal (5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside; 90µg/mL) and gentamicin 98 
(30µg/mL) to allow the LacZ marked and gentamicin resistant P. fluorescens to be identified [24]. 99 
Four clones were picked from each microcosm and individually grown overnight in KB broth at 100 
28ºC and then stored in glycerol (final concentration ~ 25%) at -80ºC. This resulted in 48 clones 101 
of LacZ marked P. fluorescens that had been pre-adapted to the compost environment, half of 102 
which in the presence of a community (4 clones from 6 replicates of each; Fig. 1a). 103 
 104 
Experimental setup 105 
To disentangle the mechanisms important in determining how pre-adaptation of a focal species 106 
impacts community composition, we manipulated focal species diversity, pre-adaptation history 107 
and whether focal species clones coevolved together to determine the relative importance of these 108 
factors in determining the impact of a focal species on soil microbial community structure. We 109 
imposed three levels of focal species diversity: a single clone, four clones and 24 clones (Fig. 1b; 110 
Table S1). Pooling clones across replicates for the 24-clone treatment was the best way to capture 111 
as much diversity as possible using the factorial design. Within each level of diversity, the focal 112 
species had either been pre-adapted with or without the microbial community. For the microcosms 113 
inoculated with a mixture of 4 clones, we also manipulated whether the clones had pre-adapted in 114 
the same or different microcosms. Twelve microcosms were inoculated with clones from the same 115 
pre-adapted population (i.e. sympatric adaptation; pre-adapted with [n=6] and without [n=6] the 116 
natural microbial community). In addition, twelve microcosms were inoculated with four 117 
randomly picked clones, ensuring that no two clones from the same replicate were inoculated into 118 
the same microcosm (i.e. allopatric adaptation). For the allopatric populations, clones were chosen 119 
irrespective of their pre-adaptation history. 120 
Experiments were conducted in square petri dishes (10 x 10 cm) containing ~75g twice-121 
autoclaved compost. Pre-adapted clones and the LacZ ancestor were grown shaking overnight in 122 
KB broth at 28ºC. Each microcosm was then inoculated with a total of ~1 x 107 cells of P. 123 
fluorescens, resuspended in M9 buffer, with the abundance of each clone normalised based on the 124 
diversity treatment. This was added alongside 50µL of the soil wash containing the resident 125 
community (prepared as above) and was further diluted in M9 buffer to a total volume of 2mL. 126 
This inoculum was added to each microcosm alongside 8mL of sterile deionised H2O to maintain 127 
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soil moisture during the experiment. In addition to these treatments, 6 negative control microcosms 128 
were initiated that consisted of just the compost community. Experimental microcosms were 129 
incubated at 28ºC for 6 weeks at 80 % relative humidity. After 6 weeks, soil samples were collected 130 
(2g) and vortexed for 1 minute with sterile beads and 12mL of M9 buffer. The resultant soil washes 131 
were used to determine P. fluorescens density by plating onto KB agar supplemented with 132 
gentamicin and X-gal (see above) and for DNA isolations to profile communities. 133 
 134 
Catabolic profiling of the focal species 135 
To investigate whether pre-adapted clones had diversified their resource use during pre-adaptation, 136 
the catabolic profiles of each of the 48 P. fluorescens clones was measured using Biolog EcoPlates 137 
(Biolog, USA). Every plate had 3 replicate sets of wells containing 31 different carbon sources 138 
(Fig. S1), allowing bacterial growth to be measured on multiple substrates. Each clone was grown 139 
shaking for two days from a freezer stock in 6mL of KB broth at 28ºC. 1mL of each culture was 140 
spun down in Eppendorf tubes at 15,000g and resuspended in 1mL of M9 salts solution to ensure 141 
minimal carryover of nutrients into the Biolog plates. Starting densities of P. fluorescens clones 142 
were normalised to an estimated OD600 of 0.0015 (~600,000 cells mL-1) and 150 µL (~90,000 143 
cells) was inoculated into each well. Plates were incubated at 28ºC for 3 days. Each plate was 144 
placed in a plastic box with a moist sponge at the bottom to prevent evaporation of media from the 145 
wells which may confound measurements of optical density (OD). OD (590 & 600nm 146 
wavelengths) was measured as a proxy for density of Pseudomonas fluorescens using a plate 147 
reader (Biotek Instruments Ltd). Readings of OD were taken with the lid off at an average of every 148 
12 hours. Five clones of the ancestral LacZ P. fluorescens strain were isolated from an overnight 149 
stock and used to assess the diversity of the ancestral population. 150 
 151 
Sequencing of the focal species 152 
To confirm that phenotypic variation in resource use reflected genomic evolution, we did whole 153 
genome sequencing (WGS) of all clones used in the experiment. Each of the 48 clones and the 154 
ancestor were grown individually overnight in KB broth (28ºC at 180 r.p.m). The next day, the 155 
cultures were diluted in M9 salts buffer to ensure they had equal densities as measured by OD600. 156 
Total DNA extraction (1.2mL per sample) was performed using the Qiagen Blood and Tissue kit 157 
following the manufacturer’s instructions. An Illumina HiSeq 2000 sequencer was used to generate 158 
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100 base pair (bp) paired end reads from a 500bp insert library at the Centre for Genomic Research 159 
(Liverpool, UK). Reads were trimmed for the presence of Illumina adapter sequences using 160 
Cutadapt (v1.2.1)[25]. The reads were further trimmed with a minimum quality score of 20. Reads 161 
shorter than 10 bp after trimming were removed. Trimmed reads were mapped to the P. fluorescens 162 
SBW25 reference genome with bwa-mem (v0.7.17-r1188)[26]. Of the 49 sequenced clones, 45 163 
mapped well to the reference genome (mean read mapping percentage = 98.4%); the other 4 (mean 164 
read mapping percentage = 0.06%) were removed from further processing and analysis. Variants 165 
were called using freebayes (v1.3.2-dirty)[27] with ploidy set to 1 (-p 1) and vcffilter from vcflib 166 
[28] was used to only keep variants with a quality score > 20. Further hard filtering steps were 167 
taken to try and retain only high confidence variants (depth within 2 standard deviations of the 168 
mean depth across all positions within a sample, depth > 2, quality:depth > 2, end placement 169 
probability > 20, strand balance probability > 20, number of alternate observations on the forward 170 
strand > 20). We then removed the two variants that were present in the ancestor, which resulted 171 
in 10 unique genetic changes being identified across the remaining 44 clones. 172 
 173 
Characterisation of the microbial community 174 
After the 6-week experimental period, microbial communities were characterised using 16S rRNA 175 
gene amplicon sequencing. At the end of the experiment, DNA of each compost microcosm was 176 
extracted from the soil washes using the MO BIO PowerSoil DNA extraction kit (MO BIO 177 
Laboratories Inc. Carlsbad) following the manufacturer’s instructions. A 254bp conserved 178 
fragment from the V4 hypervariable region was targeted using N501f and N701r primers with a 179 
pool of indexed primers suitable for multiplex sequencing with Illumina technology. Sequencing 180 
of amplicons of the V4 region of the 16S rRNA gene using the Illumina MiSeq 16S Ribosomal 181 
RNA Gene Amplicons Workflow was undertaken by the Centre for Genomic Research (Liverpool, 182 
UK). We then processed and analysed the sequence data in R (v 3.5.1) using the packages ‘dada2’, 183 
‘phyloseq’ and ‘phangorn’. Following the standard full stack workflow [29], we estimated error 184 
rates, inferred and merged sequences, constructed a sequence table, removed chimeric sequences 185 
and assigned taxonomy. During processing, forward and reverse reads were truncated between 25-186 
250 nucleotide positions due to poor quality scores. Assembled amplicon sequence variants 187 
(ASVs) were assigned taxonomy using the Ribosomal Database Project (RDP) [30]. We estimated 188 
the phylogenetic tree using the R package ‘phangorn’ [31] to allow for the calculation of weighted 189 
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Unifrac distance between communities. To do this, we first constructed a neighbour-joining tree, 190 
and then fit a Generalized time-reversible with Gamma rate variation maximum likelihood tree 191 
using the neighbour-joining tree as a starting point. We then removed any reads that had not been 192 
assigned to at least the phylum level (583 of 5521 unique ASVs). To identify the focal species, we 193 
manually blasted the 7 different obtained ASVs for the genus Pseudomonas against the SBW25 194 
16S sequence. This ASV was removed from every sample before most downstream analyses to 195 
ensure that any differences in community composition were not driven by changes in the read 196 
abundance of the focal species. Processing and filtering steps resulted in 1 sample being removed 197 
from downstream analysis (clonal diversity = 4, pre-adaptation history = with community), with 198 
the remaining data having a maximum number of reads in a sample of 204,796, minimum of 199 
28,591 and mean of 94,494. As the negative control and the natural microbial community samples 200 
did not contain any of the focal species, P. fluorescens, they were removed after completion of 201 
data cleaning. 202 
 203 
Statistical analyses 204 
Analysing resource use of the focal species 205 
The analysis of resource use splits phenotypic variation (VP) of the 4 clones isolated from each 206 
replicate population into clonal variation (VC), environmental variation (VE) and clone-by-207 
environment variation (VCE). As growth in Biolog plates do not necessarily represent growth in 208 
the compost environment, we concentrate on relative measures of growth (VC and VCE) rather than 209 
absolute measures of growth (VE). Differences in VP, VC and VCE between treatments and the 210 
ancestor would indicate that the pre-adaptation phase altered resource-use and would strongly 211 
suggest our diversity treatments reflect real differences in resource-use diversity. Measurements 212 
of OD in blank wells (inoculated with M9) were subtracted from the OD readings and negative 213 
corrected values of OD were removed. We visually examined all time points and chose a set of 214 
measurements and wavelength where exponential growth had occurred but before stationary 215 
growth and the formation of biofilms inflated the values of OD on some substrates (Fig. S1). 216 
Consequently, we used the measurements of OD590 after ~45 hours of growth. Two of the 48 pre-217 
adapted clones failed on the biolog plates and were removed from the analysis. The number of 218 
substrates was filtered to remove substrates where no growth was observed (defined as OD590 < 219 
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0.05). This left 18 carbon substrates from which analysis of resource-use was applied, with metrics 220 
being calculated per population.  221 
All metrics were calculated at a population level. Phenotypic variation, VP, was calculated 222 
as the average (by taking the mean) euclidean distance between catabolic profiles across all pairs 223 
of clones [32]. Our calculation of within-population clonal variation was the average variance of 224 
clone performance on each substrate [33], and environmental variance as the average clone 225 
performance across all substrates. We were particularly interested in clone-by-environment 226 
variation, as this captures the extent to which clones diversified into resource use specialists: a key 227 
assumption for the hypothesis that diversity is a key mechanism by which rapid evolution affects 228 
community composition. More specifically, clone by environment interactions can be decomposed 229 
into responsiveness and inconsistency (Fig. S2) [33–35]. Responsiveness, R, indicates differences 230 
in environmental variances between clones within a population.  231 
𝑅	 = 	∑ ("!	$	"")
#
&'('$()
                 (1) 232 
Where G is the number of clones tested within a population and 𝜎) and 𝜎* are the standard 233 
deviations of environmental responses of each clone tested. A relatively high responsiveness value 234 
would mean that some clones within that population are generalists and some clones are specialists 235 
(i.e. one clone performs equally well on substrate A and B, while another clone performs much 236 
better on substrate A relative to B). Resource specialisation is quantified by inconsistency, I, 237 
𝐼	 = 	∑ "!""(($+!")
'('$()
                 (2) 238 
where pij is the correlation of performance across substrates between each pair of clones. High 239 
inconsistency means negative correlations between clones across environments (i.e. one clone 240 
performs better on substrate A than B, and vice versa for another clone). In instances of high 241 
inconsistency and high responsiveness, clones take advantage of different resources, and some 242 
clones are specialists, and some are generalists (Fig. S2). Each variance component was calculated 243 
for the four clones isolated from each replicate; differences between pre-adaptation treatments 244 
(with or without the microbial community) were analysed using linear models. It was not possible 245 
to include the LacZ ancestor in this analysis as there was only a single replicate population. Instead, 246 
Mann-Whitney U tests of each variance component was compared to a null hypothesis where the 247 
mean is no different from the value of the variance component in the LacZ ancestral population. 248 
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For the multiple testing of different variance components, the false discovery rate (fdr) method of 249 
adjusting p values was used [36]. 250 
 251 
Analysing genomic evolution of the focal species 252 
We evaluated genomic diversity of the focal species by calculating alpha diversity using a 253 
modified version of the Hardy-Weinberg equilibrium, such that 𝛼 = 	∑(1 −	𝑝)& − 𝑞)&), where i is 254 
the position of each variant, p is the proportion of the variant and q is 1 – p. This was calculated 255 
for each population by pooling the variants across clones and calculating each variant’s frequency. 256 
We also looked at genomic diversity of the 24 clone mixes by pooling clones across pre-adaptation 257 
treatments. Differences between pre-adaptation treatments (with or without the microbial 258 
community) were analysed using linear models. It was not possible to include the 24 clone mixes 259 
into this analysis as they are only a single point. Instead, within each pre-adaptation treatment, 260 
Mann-Whitney U tests of each genomic diversity of 4 clones was compared to a null hypothesis 261 
where the mean is no different from the value of genomic diversity present in the 24 clone pool.   262 
 263 
Analysing the impact of the focal species on the natural microbial community 264 
The sequencing data was split up to investigate the effect of focal species diversity, pre-adaptation 265 
history and coevolution of the focal species on community composition. To investigate community 266 
change, we looked at changes in community composition, alpha and beta diversity. Each analysis 267 
used dissimilarity indices to quantify the compositional dissimilarity between communities. We 268 
used the weighted Unifrac distance [37] as our measure of compositional dissimilarity between 269 
communities, which weights the branches of the phylogenetic tree based on the relative abundance 270 
of each ASV on the read proportions as our measure of dissimilarity. Differences in composition 271 
between compost microbial communities were analysed using the R packages ‘phyloseq’ [38], 272 
‘vegan’, [39], and ‘ape’ [40]. Permutational ANOVA tests were run using the ‘adonis’ function in 273 
the ‘vegan’ package in R with 9999 permutations and differences in group dispersion (which test 274 
for differences in beta-diversity between treatments) were analysed using the ‘betadisper’ function 275 
from the same package. The proportion of variance explained by each principal component was 276 
calculated using the function ‘pcoa’ in the ‘ape’ package, where we applied the cailliez correction 277 
to account for negative eigenvalues [41]. 278 
 
11 
First, we tested whether pre-adaptation history (evolved with or without the microbial 279 
community) altered the impact of the focal species on community composition. To do this we split 280 
the data at each level of diversity (i.e. single clone, four clones or 24 clones), and did a separate 281 
permutational ANOVA and homogeneity of variance test, with pre-adaptation history as the 282 
predictor variable. For the individual clones, we first checked whether there was any impact of 283 
population origin on community composition. For each clone, we first calculated the mean 284 
weighted Unifrac distance to each sympatric and allopatric clone, and there was no effect of 285 
sympatry or allopatry on average distance between clones (Fig. S3). 286 
Next, we looked for an overall impact of diversity on community composition. We pooled 287 
the different pre-adaptation history treatments at each level of diversity, so we had four levels of 288 
diversity: LacZ ancestor (n=6), single clone (n=48), four clones (n=24), and 24 clones (n=12). A 289 
single permutational ANOVA tested whether there was an overall impact of diversity on 290 
community composition. Following this, we ran pairwise permutational ANOVAs between all 291 
pairs of diversity treatments to disentangle which treatments were causing any observed effect of 292 
diversity as a whole. This was done by subsetting the data into each pair of diversity treatments, 293 
running a permutational ANOVA on each subset, and extracting the R2 value and p value, which 294 
was adjusted using the fdr method. We also looked for an effect of diversity on community 295 
composition within pre-adaptation treatments. (Pairwise) permutational ANOVAs were run as 296 
above.  297 
Within the four clone mixes, we investigated whether clones that coevolved together 298 
(sympatric adaptation) had a different effect on community composition than mixes consisting of 299 
clones from different communities (allopatric adaptation). We subsetted the data to just include 300 
the four clone mixes, and then ran a permutational ANOVA with allopatric vs. sympatric focal 301 
species population as a predictor variable. 302 
 To identify which ASVs differed in abundance between diversity levels, we fitted a 303 
negative binomial generalised linear model to the data using the ̀ DESeq` function in the R package 304 
`DESeq2` [42, 43]. This method calculated significant differences in the abundance of ASVs using 305 
Wald tests and p value correction using the fdr method. For this analysis, we left the ASV assigned 306 
to focal species in each sample as it was important to know how common it was and whether it 307 
changed in abundance. Based on the paired permutational ANOVAs, we grouped the levels of 308 
diversity into high (24 clones) and low (the LacZ ancestor, individual clone and four clone mixes). 309 
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This method used the raw counts and we selected only the 100 most common ASVs across all 310 
samples as the weighted Unifrac distance reduces the impact of low abundant ASVs. We tested 311 
whether changes in abundance were correlated with phylogenetic distance from the focal species 312 
using a Pearson’s correlation test. Phylogenetic distance of each ASV to the focal species was 313 
calculated using the ‘distTips’ function in the R package ‘adephylo’ [44].  314 
 To investigate differences in alpha diversity between communities, we used the total 315 
number of ASVs as our metric of alpha diversity. We looked at whether pre-adaptation history 316 
impacted alpha diversity by splitting the data into levels of focal species diversity (individual 317 
clones, 4 clones and 24 clones) where all clones were either pre-adapted with or without the natural 318 
community. Separate linear models were ran on each subset of the data, with observed ASVs as 319 
the response and pre-adaptation history as the predictor. We further investigated whether focal 320 
species diversity impacted alpha diversity by pooling the different pre-adaptation history 321 
treatments at each level of diversity: LacZ ancestor (n=6), single clone (n=48), four clones (n=24), 322 
and 24 clones (n=12). We tested for differences in abundance between treatments using a linear 323 
model. Model selection and comparisons were done as for the analysis on the density of P. 324 
fluorescens.  325 
 326 
Analysing the density of the focal species 327 
The final density of P. fluorescens across treatments was analysed using linear models. The data 328 
was first log10 transformed and one replicate was removed where no P. fluorescens was cultured 329 
(pre-adapted without the community, the individual clones that also failed on the biolog plate). We 330 
looked at whether pre-adaptation history impacted final density of the focal species by splitting 331 
the data into levels of diversity (individual clones, 4 clones and 24 clones) where all clones were 332 
either pre-adapted with or without the natural community. Separate linear models were ran on each 333 
subset of the data, with log10 abundance g-1 soil as the response and pre-adaptation history as the 334 
predictor. Model selection was done using likelihood ratio tests and the fdr method was used to 335 
adjust p values. We further investigated whether diversity affected P. fluorescens density by 336 
pooling the different pre-adaptation history treatments at each level of diversity: LacZ ancestor 337 
(n=6), single clone (n=48), four clones (n=24), and 24 clones (n=12). We tested for differences in 338 
abundance between treatments using a linear model. Model selection was done as above and 339 
comparisons were done between individual treatments using the R package ‘emmeans’[45]. 340 
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Despite the unbalanced sample sizes between treatments, within group variance did not correlate 341 
with sample size (spearman’s rank correlation between within-group variance and number of 342 
samples within that group: p = 0.42), thus justifying our use of standard linear models. All analyses 343 
were undertaken in R (v3.6.1) [46] and all plots were made using the package ‘ggplot2’ [47]. 344 
 345 
Results 346 
Pre-adaptation to compost results in higher focal species functional diversity. Isolated clones 347 
grew differentially on different carbon substrates and there was variation between individual 348 
clones and across treatments (Fig. 2a & Fig. S4). Pre-adaptation resulted in higher phenotypic 349 
variation (Wilcoxon rank sum: padj = 0.0006) and clonal variation (Wilcoxon rank sum: padj = 350 
0.0006) compared to the ancestral population, with every pre-adapted population having higher 351 
values than the ancestral population (Fig. 2b). However, there was no difference in phenotypic or 352 
clonal variation (Fig. 2b & Fig. 3a) between populations pre-adapted with or without the microbial 353 
community. 354 
 To examine the evolution of diversity further, we looked for any clonal x environment 355 
interaction in the diversity of resource-use across populations. We split VCE into inconsistency and 356 
responsiveness. Pre-adapted populations showed higher inconsistency (i.e the degree to which 357 
different clones specialised on different substrates) than the ancestral population (Wilcoxon rank 358 
sum: padj = 0.0006), with every value being greater than the ancestral population (Fig. 2c). There 359 
was no difference between evolving with or without the natural microbial community (ANOVA 360 
comparing models with and without the presence of the community: F1,10 = 0.80, p = 0.39). 361 
Moreover, responsiveness (i.e variance in the degree of generalism) did not differ between 362 
populations pre-adapted with and without the natural microbial community, and responsiveness 363 
was not higher in pre-adapted populations compared to the ancestral population (Wilcoxon rank 364 
sum: padj = 0.677; (Fig. 2d). Overall, pre-adapted populations have higher functional diversity than 365 
the ancestral population and this was not impacted by pre-adapting with or without the natural 366 
microbial community. 367 
 368 
Patterns of phenotypic variation broadly align with patterns of genomic evolution. To look 369 
at whether increased diversity of resource use was associated with genomic changes, we sequenced 370 
all 49 clones (48 pre-adapted and 1 ancestor) used in the experiment after the pre-adaptation phase. 371 
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Across all populations, all but one population contained higher genomic diversity than the 372 
individual clones or the ancestral clone (Fig. 3b; genomic diversity > 0). In both pre-adaptation 373 
treatments, genomic diversity of the 24 clone mixes was higher than 5 out of 6 of the 4 clone mixes 374 
(Wilcoxon rank test: p = 0.0625). The patterns of genomic diversity also broadly align with the 375 
patterns of phenotypic variance (Fig. 3), demonstrating that the diversification of resource use of 376 
the focal species was likely driven by rapid evolution. In line with this, there was no difference in 377 
genomic diversity between populations of P. fluorescens pre-adapted in the presence or absence 378 
of the natural microbial community (Fig. 3b; ANOVA comparing models with and without pre-379 
adaptation history: F1,10 = 2.10, p = 0.178).  380 
 381 
Focal species diversity drives the impact of a focal species on community composition. We 382 
looked for an overall effect of diversity on community composition by pooling across pre-383 
adaptation treatments. Focal species diversity significantly altered community composition 384 
(PERMANOVA, F3,85 = 2.30. R2 = 0.08, p = 0.01; Fig. 4a). The first principal coordinate explained 385 
23.7% of the total variation and partially separated the highest diversity treatment (24 clones) from 386 
the other levels of diversity (Fig. 4b): 83% of communities that contained 24 clones of the focal 387 
species mapped to a positive axis 1 score, compared to an average of 31% of single clone samples, 388 
44% of four clone samples and 33% of samples inoculated with the LacZ ancestor. To determine 389 
whether this separation was significant, we ran the multiple pairwise permutational ANOVAs (see 390 
Methods, Table S2). Communities that were inoculated with the highest diversity treatment of the 391 
focal species, 24 clones of P. fluorescens, had a different composition than communities grown 392 
with a single pre-adapted clone (PERMANOVA: R2 = 0.08, padj = 0.01), four pre-adapted clones 393 
(PERMANOVA: R2 = 0.12, padj = 0.008), and the LacZ ancestral population (PERMANOVA: R2 394 
= 0.17, padj = 0.036). None of the contrasts between any of the other diversity treatments were 395 
significant (PERMANOVAs: all padj > 0.05, Table S2). When looking at an effect for diversity 396 
within the same pre-adaptation treatment, similar results were found when populations were pre-397 
adapted without the natural microbial community (high diversity changed community 398 
composition), but diversity did not impact community composition in populations pre-adapted 399 
with the natural microbial community (Table S3). 400 
As expected from the phenotypic assays, there was no effect of pre-adaptation history on 401 
community composition (based on weighted Unifrac distances) at any level of focal species 402 
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diversity (Fig. 5; Table S4; multiple PERMANOVAs: all p values > 0.05). Moreover, there was 403 
no difference in the community composition between those that had evolved sympatrically or 404 
allopatrically (PERMANOVA: F1,21 = 0.6, R2 = 0.03, p = 0.63). In summary, these results show 405 
that it is the evolution of diversity in the pre-adapted population that results in pre-adapted P. 406 
fluorescens impacting community composition differently compared to the ancestral P. 407 
fluorescens. 408 
 Of the 100 most common ASVs across all samples, 22 of these significantly altered in 409 
terms of their total abundance between low (LacZ ancestor, individual clone and 4 clone samples 410 
pooled) and high diversity (24 clone samples) treatments (Fig. 6;  padj < 0.05), with 12 ASVs 411 
significantly increasing and 10 significantly decreasing in abundance. There was no correlation 412 
between phylogenetic distance from the focal species, P. fluorescens, and changes in taxon 413 
abundance (Pearson’s correlation between log2 fold abundance change and phylogenetic distance 414 
from P. fluorescens SBW25: t = 1.27, d.f. = 20, p = 0.22). 415 
 416 
Focal species are more abundant in the community after pre-adaptation. The ASV identified 417 
as the focal species was the 39th most abundant across all samples (of 4928 unique ASVs). There 418 
was no effect of pre-adaptation history on final population density of the focal species across all 419 
levels of focal diversity (all raw p values > 0.05). Consequently, we looked for an effect of diversity 420 
on population density (Fig. 7) and found that density varied across diversity treatments (ANOVA 421 
comparing models with and without diversity: F3,84 = 3.78, p = 0.013). This effect was driven by 422 
the final density of the LacZ ancestor (mean log10 density g-1 soil = 5.47, 95% CI = 5.06 - 5.87), 423 
which was significantly lower than that of the pre-adapted focal populations at each level of 424 
diversity (Fig. 7, Table S5). Diversity did not differentially affect the population density of pre-425 
adapted Pseudomonas fluorescens clones (mean log10 abundance g-1 soil = 6.16, 95% CI = 6.05 - 426 
6.27) (Fig. 7, Table S5). 427 
 428 
There were few changes in beta-diversity and alpha diversity. There were no overall 429 
differences in between-community diversity (beta-diversity) across levels of diversity or pre-430 
adaptation with or without the natural microbial community (all p values > 0.05). Moreover, there 431 
was little change in alpha diversity (Fig. S5) across levels of focal species diversity or pre-432 
adaptation with or without the natural microbial community. Alpha diversity was lower in 433 
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communities with 24 clones pre-adapted without the natural microbial community (ANOVA 434 
comparing models with and without the presence of the community: F1,10 = 11.38, padj = 0.02), but 435 
this effect of pre-adaptation was not observed at other levels of focal species diversity (Fig. S5). 436 
There was no overall effect of focal species diversity (ANOVA comparing models with and 437 
without the effect of focal species diversity: F3,85 = 1.34, p = 0.27). 438 
 439 
Discussion 440 
While pre-adaptation of a focal species has been shown to be as important as the purely ecological 441 
effects of the presence of the species [3, 8], the mechanisms underlying how and why pre-442 
adaptation matters remains unknown. Here, we investigated these mechanisms by examining how 443 
pre-adaptation of a focal bacterial strain (P. fluorescens SBW25) in different biotic and abiotic 444 
environments altered the subsequent structure of a natural compost microbial community. We 445 
show that rapid evolution of diversity, rather than specific adaptation(s) per se, drove changes in 446 
community structure. Adaptation of the focal strain resulted in the evolution of increased diversity 447 
in resource use compared to the ancestor (Fig. 2). These changes in phenotypic diversity correlated 448 
with genetic changes (Fig. 3). In line with this, pre-adapted populations only changed community 449 
structure, relative to the effect of the ancestor, at high levels of evolved diversity (Fig. 4). This 450 
effect of diversity could not be explained by changes in focal population density (Fig. 7), strongly 451 
indicating that it was the evolved diversity, rather than concomitant changes in density, that 452 
underpinned this pattern. Pre-adaptation history or whether or not the focal species population 453 
coevolved together did not alter the impact of the focal species on subsequent community 454 
structure; nor did we find any impact of the focal species impacting community diversity metrics. 455 
 Our work recaptures key findings from previous studies demonstrating that pre-adaptation 456 
is important in shaping community composition [3]. Crucially, however, we show that increasing 457 
levels of diversity after pre-adaptation are the key feature that drives this effect. At low diversity 458 
(single or 4 clones), pre-adapted populations had no effect on the natural microbial community 459 
compared to the presence of P. fluorescens per se (Fig. 4 & Fig. 5). An effect of pre-adaptation on 460 
community composition was only seen at high levels of diversity (24 clones). At higher levels of 461 
genetic and phenotypic diversity, where clones of the focal species diversified to specialise on 462 
different resources, the focal species as a whole will likely interact with a larger number of other 463 
species [2, 12, 48]. However, quantifying which species of the natural microbial community the 464 
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focal species directly interacted with was beyond the scope of this study. Of the 100 most common 465 
ASVs, 22 had significant changes in abundance at high levels of focal species diversity (Fig. 6), 466 
but whether or not an ASV significantly increased or decreased in abundance was not linked to 467 
how closely related the ASV was to the focal species. The lack of this link could be because 468 
relatedness is often a poor predictor of resource-use and competitive traits in microbes [49, 50]. 469 
Even though our study cannot tell us anything about the resource-use of these organisms, 470 
significant changes in their abundance still reflect that the focal species diversified to interact 471 
differently with a wide range of organisms. 472 
Pre-adaptation increased niche differentiation (Fig. 2), which likely altered the impact of 473 
interspecific competition in multiple ways. Firstly, by increasing niche overlap with a larger 474 
number of species, and second by reducing the impact of niche overlap on any single competing 475 
species because fewer individuals of the focal species compete for resources with it [12]. We see 476 
an overall effect of intraspecific diversity even in this highly diverse natural microbial community 477 
containing hundreds of unique species. Consequently, higher intraspecific diversity resulting in a 478 
larger impact on community structure is likely to be a general rule in eco-evolutionary systems. 479 
Against expectations, pre-adaptation without the existing community (i.e. evolutionary 480 
priority effects) did not alter future community composition (Fig. 5). This is presumably because 481 
evolved diversity, based on catabolic profiles, did not differ when the community was present or 482 
absent (Fig. 2). Previous work using this experimental system reported greater diversification in 483 
the absence of the community [5], although this was based on the frequency of novel (wrinkly 484 
spreader) morphotypes, which rarely exceeded 10% of the population. Niche complementarity 485 
between morphotypes (i.e. smooth and wrinkly spreader) is much greater than within morphotypes 486 
[10, 51], so perhaps it is unsurprising that we do not see any impact of pre-adaptation on the 487 
catabolic profiles of the focal species.  488 
We had expected coevolved genotypes of the focal species to have a greater impact on 489 
community composition than randomly assembled genotypes, given that we hypothesised greater 490 
diversity in the former. Our experimental design allowed us to investigate this as when four clones 491 
were inoculated, some were randomly assembled whereas others were from the same pre-492 
adaptation replicate. We found no impact of focal species coevolution on community composition. 493 
The absence of an effect is however consistent with recent work showing that P. fluorescens 494 
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evolves in a very parallel fashion (in vitro) with no evidence of genotypes being locally adapted 495 
to their populations [52]. 496 
Our experimental design specifically addressed how contemporary evolution affects 497 
community composition in the context of evolutionary priority effects: rapid local adaptation 498 
reinforcing the well-established ecological impact of colonisation order on community properties 499 
[8, 21, 22]. Of course, in most contexts, single species will not evolve in isolation but instead 500 
species would be simultaneously (co)evolving. It is unclear how this would change the impact of 501 
contemporaneous evolution, and would likely depend on whether such coevolution increased the 502 
scope for resource partitioning between species, or increased the chances for competitive exclusion 503 
due to intraspecific niche complementarity [48]. In summary, we show that the rapid evolution of 504 
diversity is important in determining the impact contemporary evolution of species on its 505 
competitors. Hence, abiotic and biotic conditions that promote adaptive diversification are likely 506 
to result in the largest impacts of pre-adaptation on community structure. Better understanding the 507 
conditions that promote adaptive diversification is therefore key in understanding instances where 508 
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Figure 1. Overview of experimental design. (a) Populations of Pseudomonas fluorescens were 634 
pre-adapted to grow in compost in the presence (+ nmc) and absence (- nmc) of the natural 635 
microbial community. After 6 weeks, clones were isolated and frozen. (b) Isolated clones were 636 
assembled into different levels of diversity (1-24 clones) and different pre-adaptation histories and 637 
left for another 6 weeks in compost alongside the natural microbial community to determine 638 
mechanistically how pre-adaptation changes the effect of a focal species on the resident microbial 639 
community. 640 




Figure 2. Differences in resource use between clones. (a) ranked substrate by fitness for 643 
ancestral clones (red) and clones pre-adapted with (grey) and without (black) the natural microbial 644 
community. Substrates are ranked by the mean value across all clones. Increased separation 645 
between responses indicates greater clonal variation, while increased slope differences indicates 646 
greater environmental variation. Moreover, differences in rankings (some clones being better on 647 
the second substrate than the first), represents instances of resource specialisation. (b) Pre-adapted 648 
populations had higher clonal variance than the LacZ ancestor. (c) There was no difference in 649 
responsiveness between treatments or the LacZ ancestor, indicating no generalist vs. specialist 650 
trade-offs due to pre-adaptation (d) Inconsistency was higher in the pre-adapted treatments 651 
regardless of the presence of the microbial community, indicating that pre-adaptation resulted in 652 
increased resource specialisation. In panels b-d, tops and bottoms of the bars represent the 75th 653 
and 25th percentiles of the data, the white lines are the medians, and the whiskers extend from 654 
their respective hinge to the smallest or largest value no further than 1.5 * interquartile range. 655 


















































































































































Figure 3. Phenotypic variation in resource use after pre-adaptation reflects associated 658 
genomic changes. (a) Differences in phenotypic variation of resource use between clones. (b) 659 
Differences in genomic diversity between populations. Tops and bottoms of the bars represent the 660 
75th and 25th percentiles of the data, the white lines are the medians, and the whiskers extend from 661 
their respective hinge to the smallest or largest value no further than 1.5 * interquartile range. 662 
Small points represent the genomic diversity of a single population (four clones). The large points 663 
for pre-adapted populations represents the phenotypic and genomic diversity of the 24 clone pools. 664 













































Figure 4. Effect of diversity on community composition. (a) Principal Coordinate (PCoA) plot 667 
of communities based on weighted-Unifrac distance. The percentage of variation explained is 668 
shown on each axis (calculated from the relevant eigenvalues). Increasing diversity (24 clones; 669 
purple) alters community composition, whereas individual (blue) and sets of 4 (green) pre-adapted 670 
clones had no consistent impact on community composition compared to the LacZ ancestor (red). 671 
(b) The separation of microcosms with diversity along PCoA axis 1 scores. In (a) each small point 672 
is a microcosm, large points are positions of centroids and lines represent the hulls of the 673 
treatments. In (b) points are individual microcosms, tops and bottoms of the bars represent the 75th 674 
and 25th percentiles of the data, the white lines are the medians, and the whiskers extend from 675 
their respective hinge to the smallest or largest value no further than 1.5 * interquartile range.  676 
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Figure 5. Effect of pre-adaptation on community structure at different levels of diversity. 679 
Across different levels of diversity, from (a) a single clone, (b) 4 clones and (c) 24 clones, there 680 
was no effect of pre-adaptation history of the focal species with (grey) or without (black) the 681 
community on subsequent community structure. Large points represent centroids of treatments and 682 
small points individual microcosms. The centroids and microcosms of the LacZ ancestor (red) are 683 
plotted across panels to help visualise the potential overall effect of diversity. 684 
  685 
(a) single clone (b) 4 clones (c) 24 clones




















Figure 6. Effect of diversity on the abundance of common bacterial ASVs. The log2 fold 687 
change in raw abundance of the 100 most common ASVs from low diversity (pooled LacZ 688 
ancestor, individual and four clones) to high diversity (24 clones). Of the 100 most common ASVs 689 
tested, 22 significantly differed in abundance between low and high diversity, but no pattern was 690 
found between these ASVs and relatedness to the focal species, P. fluorescens. P. fluorescens was 691 
the 39th most abundant ASV. Points represent estimated log2 fold change in raw abundance of 692 
each ASV between low and high diversity samples, error bars are +/- the standard error and the 693 
number by each point is estimated mean number of that ASV in the low diversity samples. 694 































































































































































































Figure 7. Density of the focal species at the end of the experiment. Tops and bottoms of the 697 
bars represent the 75th and 25th percentiles of the data, the white lines are the medians, and the 698 
whiskers extend from their respective hinge to the smallest or largest value no further than 1.5 * 699 
interquartile range. Points represent the log10-transformed density of an individual replicate 700 
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Figure S1. Optical density across substrates and sampling points for catabolic profiles. 
Each panel represents a different substrate on the Biolog plate. The time point used for 
downstream analyses was time point 4. Each line is the optical density of a clone. 
  
 
Figure S2. Scenarios of different amounts of responsiveness and inconsistency. Each 
dashed line represents the performance of an individual clone over substrates A to D. Dots 
represent the substrate on which each clone performs best on. In (a) the clones all have similar 
performance across all substrates and there is no C x E interaction. In (b) there is high 
responsiveness, but low inconsistency. The clones all perform best on resource A, but some 
are specialists and some generalists (they have different environmental variances). In (c) there 
is low responsiveness, but high inconsistency. Different clones take advantage of different 
resources, but there is no difference in resource exploitation strategies (they have similar 
environmental variances). In (d) there is high responsiveness and high inconsistency. Different 





Figure S3. Average weighted Unifrac distance between allopatric and sympatric pairs of 
clones. Tops and bottoms of the bars represent the 75th and 25th percentiles of the data, the 
white lines are the medians, and the whiskers extend from their respective hinge to the smallest 
or largest value no further than 1.5 * interquartile range. Points represent weighted Unifrac 




Figure S4. Patterns of resource use between clones, populations, and pre-adaptation 
treatments. Substrate rank performance curves for ancestral clones (red) and clones pre-
adapted with (grey) and without (black) the natural microbial community. Panels represent 
different populations. Substrates are ranked by the mean value across all clones. The lighter 
lines depict clonal performances and the darker line represents the mean clonal performance 
on that substrate. Increased separation between responses indicates greater clonal variation, 
while increased slope differences indicates greater environmental variation. Moreover, 
differences in rankings (some clones being better on the second substrate than the first), 
represents instances of resource specialisation. 
 
Table S1. Combinations of compost microcosms altering the pre-adaptation history of 
the clones and number of pre-adapted clones. The number of replicates differed across 
treatments. Six replicates of the LacZ ancestor were set up as were 6 replicates of the natural 
microbial community where no P fluorescens was added.  
 
  
Table S2. Pairwise comparisons of the effect of focal species diversity on community 
composition. The results of pairwise permutational ANOVAs between communities that had 
been inoculated with different levels of focal species diversity. Number of samples per 
treatment states the number of samples in the first, second treatments in each contrast. 
Significant p values are highlighted in bold. 
 
  
Table S3. Pairwise comparisons of the effect of focal species diversity on community 
composition within pre-adaptation treatments. The results of pairwise permutational 
ANOVAs between communities that had been inoculated with different levels of focal species 
diversity, within pre-adaptation treatments. Number of samples per treatment states the number 
of samples in the first, then second treatments in each contrast. Significant p values are 
highlighted in bold. 
 
  
Table S4. Effect of pre-adaptation history on community composition across diversity 
levels of the focal species. The results of permutational ANOVAs testing for differences 
between communities had been inoculated with P. fluorescens that had been pre-adapted with 




Table S5. Tukey pairwise comparisons of final density of the focal species. Results of 
multiple pairwise comparisons looking for differences in final density between diversity levels. 
Significant p values are highlighted in bold. 
 
Figure S5. Effect of (a-c) pre-adaptation and (d) diversity on alpha diversity. Within 
different levels of diversity (a-c), the only effect of pre-adaptation history of the focal species 
with (grey) or without (black) the community on subsequent alpha diversity was a lower alpha 
diversity in communities with 24 clones adapted without the community. Across all levels of 
diversity (d), there was no impact increase focal species diversity on the observed number of 
amplicon sequence variants. In all panels, points are individual microcosms, tops and bottoms 
of the bars represent the 75th and 25th percentiles of the data, the white lines are the medians, 
and the whiskers extend from their respective hinge to the smallest or largest value no further 
than 1.5 * interquartile range. 
